ABSTRACT: Herein, we investigate the influence of spacer length on the homoassociation and heteroassociation of endfunctionalized hydrogen-bonding polymers based on poly(nbutyl acrylate). Two monofunctional ureido-pyrimidinone (UPy) end-functionalized polymers were prepared by atom transfer radical polymerization using self-complementary UPyfunctional initiators that differ in the spacer length between the multiple-hydrogen-bonding group and the chain initiation site. The self-complementary binding strength (K dim ) of these end-functionalized polymers was shown to depend critically on the spacer length as evident from 1 H NMR and diffusionordered spectroscopy. In addition, the heteroassociation strength of the end-functionalized UPy polymers with endfunctionalized polymers containing the complementary 2,7-diamido-1,8-naphthyridine (NaPy) hydrogen-bond motif is also affected when the aliphatic spacer length is too short. KEYWORDS: atom transfer radical polymerization (ATRP); diffusion-ordered spectroscopy; hydrogen bonding; supramolecular diblock copolymers INTRODUCTION The combination of supramolecular chemistry and the controlled phase separation of diblock copolymers can result in a wealth of nanoscale morphologies with applications ranging from semiconductor integrated circuit design to the development of subnanometer porous films for separation processes. [1] [2] [3] [4] Theoretical work has shown that the domain size and morphology of the phase-separated structures critically depend on the strength of the interpolymer noncovalent interactions.
INTRODUCTION
The combination of supramolecular chemistry and the controlled phase separation of diblock copolymers can result in a wealth of nanoscale morphologies with applications ranging from semiconductor integrated circuit design to the development of subnanometer porous films for separation processes. [1] [2] [3] [4] Theoretical work has shown that the domain size and morphology of the phase-separated structures critically depend on the strength of the interpolymer noncovalent interactions. [5] [6] [7] [8] [9] [10] To achieve these attractive enthalpic interpolymer interactions, end-functionalized homopolymers have been prepared with functional groups capable of noncovalent assembly such as hydrogen bonding, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ionic, 21 transition-metal, 22, 23 host-guest, [24] [25] [26] and fluorophilic 27 interactions. Typically, these functional groups are attached to a homopolymer via a short, aliphatic spacer. Recent reports, however, have shown that the association strength of noncovalent assemblies can be decreased by competitive noncovalent interactions with functional groups present in the side-chains. For example, we have recently shown that the ureido-pyrimidinone (UPy) dimerization constant (K dim ) decreases by a factor of 1000 in chloroform when the UPy group is attached to a triethylene glycol (triEG) chain via a short C 2 spacer. 28, 29 When the spacer length is increased from C 2 to C 6 , no reduction in K dim is observed compared with a UPy without an EG chain, suggesting that the reduction in K dim is associated with competing intramolecular hydrogen bonding between the EG chain and the hydrogen-bond donors of the UPy group. In addition, Gibson and coworkers reported a ninefold decrease in association constant between polystyrene and poly(methyl methacrylate) (PMMA) functionalized ''paraquats'' and unfunctionalized crown-ethers. 26 The decrease in association constant was attributed to competing intramolecular interactions between the ester moieties of PMMA and the aromatic protons of the paraquat unit. Given the crucial role of the interpolymer noncovalent binding strength in determining the nanoscale morphology of supramolecular diblock copolymers, it becomes evident that great care should be exerted in the precise arrangement of the associating end groups with respect to the homopolymer.
Herein, we report a thermodynamic investigation of the quadruple hydrogen-bond strength of two UPy end-capped poly(n-butyl acrylate) (PnBA) polymers (further abbreviated as P(nBA) n -C x -UPy), which differ in the number of carbon atoms (x) of the aliphatic spacer separating the UPy group from the PnBA backbone. In addition, heteroassociation 30, 31 of the UPy end-functionalized PnBA polymers with a 2,7-diamido-1,8-naphthyridine (NaPy) end-functionalized PnBA polymer was quantified by UV-Vis titrations to investigate whether the heteroassociation strength depends on the length of the aliphatic spacer of the UPy end-functionalized polymers.
RESULTS AND DISCUSSION
The structures of the investigated polymers 1-3 and their mechanism of association are displayed in Figure 1 . All endfunctionalized PnBA polymers were prepared from multiplehydrogen-bonded functional initiators using an established atom transfer radical polymerization (ATRP) procedure.
12 FIGURE 1 (a) Structures of multiple-hydrogen-bond end-functionalized P(nBA) polymers 1-3 and (b) their mode of supramolecular association.
The resulting molecular weight distributions of PnBA polymer 1-3 were monomodal and polydispersities were typically in the range of 1.1-1.2. P(nBA) n -C 2 -UPy 1, in which a C 2 spacer connects the hydrogen-bonding end group to poly(n-butyl acrylate) was synthesized as previously described. 12 Size-exclusion chromatography (SEC; calibrated with linear polystyrene standards) using tetrahydrofuran as an eluent revealed that the number average molecular weight (M n ) of P(nBA) n -C 2 -UPy 1 is 9.8 kDa (Supporting Information, Fig. S1 , polydispersity index (PDI) ¼ 1.1). P(nBA) n -C 6 -UPy 2, in which a C 6 spacer connects the hydrogen-bonding end group to the poly(n-butyl acrylate), was synthesized from n-butyl acrylate (nBA) and UPy ATRP initiator 6 at 70 C using the CuBr/PMDETA system as a catalyst (Scheme 1). 32 The number average molecular weight of 2 was determined to be 8.9 kDa using SEC (Supporting Information, Fig. S2 , PDI ¼ 1.1, tetrahydrofuran as an eluent). Finally, P(nBA) n -NaPy 3 (Supporting Information, Fig. S3 , M n ¼ 18.5 kDa, PDI ¼ 1.15) was synthesized as previously described. 12 The molecular weights and polydispersities of the endfunctionalized polymers 1-3 are summarized in Table 1 .
The
1 H NMR spectra of P(nBA) n -C 2 -UPy 1 and P(nBA) n -C 6 -UPy 2 in dry CDCl 3 at a concentration of 10 mM clearly show three sharp resonances in the downfield region (>9 ppm) of the spectrum indicative of extensive dimerization via quadruple-hydrogen bonding (Supporting Information, Figs. S4 and S5). Furthermore, the position of the alkylidene proton of the pyrimidinone ring for both UPy end-functionalized polymers at this concentration provides additional evidence for the formation of quadruple hydrogen-bonded dimers. 28, 29 To quantify the dimerization constant (K dim ) of the two UPy end-functionalized polymers in CDCl 3 , 1 H NMR dilution experiments were performed on PnBA polymers 1 and 2, which differ in the length of the aliphatic spacer connecting the multiple-hydrogen-bonded end group to the polymer. H NMR spectra of the signals corresponding to the alkylidene proton of the pyrimidinone ring for both UPy polymers. Whereas no concentration-dependent changes are observed for P(nBA) n -C 6 -UPy 2, the 1 H NMR spectrum of P(nBA) n -C 2 -UPy 1 shows an additional signal, corresponding to monomeric 2-ureido-6[1H]-pyrimidinone at lower concentrations.
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To corroborate these findings, concentration-dependent DOSY experiments were performed. As can be observed in Figure 3 , the viscosity corrected self-diffusion constant (D c ) of the protons for P(nBA) n -C 2 -UPy 1 becomes larger upon lowering the concentration. Because the resonances used to calculate the diffusion constant correspond both to the quadruple hydrogen-bonded dimer as well as the monomeric species, the increase in D c is indicative of an increase in monomeric 1 at lower concentrations.
In sharp contrast, the viscosity corrected self-diffusion constants of the protons of P(nBA) n -C 6 -UPy 2 are concentration independent between 1 and 0.03 mM [ Fig. 3(b) ] indicating that solutions of UPy end-functionalized PnBA 2 mainly contain quadruple-hydrogen-bonded species in this concentration range [ Fig. 3(b) ]. The transition from a concentration independent (c < 0.1 mM) to a concentration-dependent regime (c ! 1 mM) as is clearly observed for UPy end-functionalized PnBA 2 can be attributed to the onset of domain overlap interactions occurring between the polymeric chains. Fitting of the noncorrected self-diffusion constant of P(nBA) n -C 6 -UPy 2 in the concentration range from 10 mM to 2 mM to a power law (D m $ c Àm ) gives m ¼ 0.35 (R 2 ¼ 0.93), which deviates somewhat from the theoretical value of m ¼ 0.5 found by Hess using a theory of phase-space distribution of polymer segments. 34 This discrepancy can be attributed to two effects: First, the width of the crossover regime in which the relation D m $ c À0.5 holds is small, as was observed experimentally by fluorescence correlation spectroscopy on polystyrene solutions. 35 Second, the theory of Hess does not take into account the fact that the polymer coils formed by hydrogen-bonded P(nBA) n -C 6 -UPy 2 can exchange with each other because of the reversible nature of the multiple-hydrogen-bonded end groups.
On the basis of the combined concentration-dependent 1 H NMR and DOSY study, it can be concluded that the K dim of P(nBA) n -C 6 -UPy 2 is much higher than P(nBA) n -C 2 -UPy 1. The K dim of P(nBA) n -C 2 -UPy 1 was calculated to be 2 6 0.3 Â 10 4 M À1 based on the integral ratio between the signals corresponding to monomeric 2-ureido-6[1H]pyrimidinone and dimeric 2-ureido-4[1H]pyrimidinone in solutions of 1 at low concentrations. In comparison, the dimerization constant of the UPy dimer substituted with a short aliphatic spacer is 6 Â 10 7 M À1 in CHCl 3 . 36 On the basis of the lowest concentration of the DOSY experiments, the K dim of P(nBA) n -C 6 -UPy 2 is estimated to be >10 6 M
À1
. These results clearly show that the presence of PnBA significantly lowers the dimerization constant of the UPy end group, when the aliphatic spacer separating the polymer from the multiplehydrogen-bonded end group is too short.
The decrease in K dim is presumably caused by favorable, intramolecular hydrogen bonding between the ester groups of PnBA, and the hydrogen-bond donors of the UPy group. This backfolding results in a stabilization of the monomeric 6[1H] UPy tautomer in agreement with recent results obtained from concentration-dependent studies of EG-substituted 2-ureido-pyrimidinones. 28, 29 Next, the association strength (K a ) of the UPy end-functionalized PnBA 1 and 2 with NaPy end-functionalized polymer 3 was probed using UV-Vis titrations. The absorption at k ¼ 355 nm, characteristic for formation of the quadruple hydrogen-bonded UPyÁNaPy complex, as a function of added UPy end-functionalized polymer was fitted with a 1:1 binding model governed by an association constant K a in which one of the components is allowed to self-associate with dimerization constant K dim . 38 Fitting of the absorption at 355 nm as a function of added P(nBA) n -C 2 -UPy 1 (Fig. 4) using the previously determined value of
for UPyÁNaPy complex 1Á3. Given the fact that the K dim of P(nBA) n -C 6 -UPy 2 could not precisely be determined, the absorption data obtained from the titration of 2 and P(nBA) n -NaPy 3 was fitted with different values of K dim corresponding to the lowest (10 6 M À1 ) and highest (6 Â 10 7 M
) estimate of K dim . In this way, the value of K a of 2Á3 was determined to be in the range of 0.4-3 Â 10 6 M
, which is close to the value of 5 Â 10 6 M
found for association of UPy and NaPy molecules substituted with apolar, aliphatic substituents. 38, 39 The dimerization and association constants of UPy end-functionalized PnBA 1 and 2 and NaPy end-functionalized PnBA 3 are summarized in Table 2 . From these studies, it can be concluded that the heteroassociation constant of UPy end-functionalized PnBA polymers with NaPy end-functional PnBA polymers is also significantly lowered when the aliphatic spacer connecting the UPy end group to PnBA is too short. with a Universal ATR sampling accessory. Elemental analysis was performed on a Perkin Elmer 2400 series II CHNS/O analyzer. Melting points were determined on a Bü chi Melting Point B-540 apparatus.
Materials
All materials were used as received, unless stated otherwise. All reactions were performed under an atmosphere of argon unless noted otherwise. The reactions were followed by thinlayer chromatography (precoated 0.25-mm silica gel plates from Merck), and silica gel column chromatography was carried out with silica gel 60 (mesh 70-230 
General Procedures 1 H NMR Dilution Experiments and Calculation of K dim
Typical procedure: weighed amounts of UPy end-functionalized polymers 1 and 2 were dissolved in 2.0 mL dry CDCl 3 (distilled over P 2 O 5 ) resulting in a 10 mM solution, of which 0.6 mL was injected into the NMR tube. The sample was then diluted to 5.0, 1.5, 0.6, and 0.15 (in the case of P(nBA) n -C 6 -UPy 2) and 0.09 mM (in the case of P(nBA) n -C 2 -UPy 1). The peaks in the alkylidene region were deconvoluted using the standard algorithm present in the Varian VNMR software. As the UPy dimer and UPy monomer are in slow exchange on the 1 H NMR timescale, it is possible to calculate the molar concentration of monomer and dimer based on the integrals of the NMR signals, the ratio of which is defined as y (I mono /I dimer ). From this ratio and the overall UPy concentration U 0 , the dimerization constant (K dim ) can be calculated using the following equation:
Extreme care was taken to keep water levels in the samples as low as possible, because traces of water could lead to the formation of acid in the solution, which interferes with the hydrogen bonding and can lead to degradation of the model compounds. Therefore, all compounds and glassware were dried over P 2 O 5 and CDCl 3 was distilled over P 2 O 5 and stored over molecular sieves. With this procedure, water levels in the samples were below the detection limit of standard Karl-Fischer titrations. The 1 H NMR dilution experiments were performed on a Varian Unity Inova 500 MHz NMR equipped with a 5-mm 1 H/X Inverse Detection probe with gradient capabilities.
UV-Vis Titrations
UV/Vis spectra were recorded using 1-cm path length cells on a Perkin Elmer Lambda 40P equipped with a PTP-1 Peltier temperature control system. At 25 C, a series of spectra were obtained by the addition of lL amounts of a stock solution containing 25.3 lM of the NaPy end-functionalized PnBA polymer (3) and 300 lM of the UPy end-functionalized PnBA polymer (either 1 or 2) in CHCl 3 to a cell containing 2.0 mL of a 25.3 lM solution of the NaPy end-functionalized polymer (3). All obtained traces were base-line corrected. The association constant (K a ) was determined using a previously established protocol as outlined in ref. 38 . Because the PDIs of the two UPy polymers are similar, errors that are introduced by the uncertainty in the concentration of end C for: (a) P(nBA) n -C 2 -UPy 1 in which an aliphatic C 2 spacer connects the UPy end group with PnBA. (b) P(nBA) n -C 6 -UPy 2 in which an aliphatic C 6 spacer connects the UPy end group with PnBA. The diffusion constants were acquired using the bipolar pulse pair stimulated echo sequence with convection compensation. 37 The calculated diffusion constant is the average diffusion constant determined for the protons marked with an asterisk. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. C. Dry CDCl 3 used for the dilution studies was obtained by adding oven dried molecular sieves (4 Å) 48 h before the measurements. The CDCl 3 used for the concentration-dependent DOSY studies on end-functionalized UPy polymers 2 and 3 was distilled over P 2 O 5 before use. The NMR tubes (5 mm) used for the studies were dried over P 2 O 5 under high vacuum. Samples were not spinning during the measurements. A 5-min temperature calibration period was provided before analysis. The DOSY bipolar pulse pair stimulated echo with convection compensation (Dbppste_cc) sequence 37 was used for the determination of the self-diffusion of the different components. Temperature calibration was achieved by observing the temperature-dependent chemical-shift separation between the OH and CH 3 resonance in methanol. In all experiments, the 90 pulse widths were determined. The strength of the B 0 field gradient was calibrated by measuring the self-diffusion coefficient of the residual HDO signal in a 1% D 2 O sample, at 25
). 41 The experimental diffusion constant (D m ) was obtained using the Stejskal-Tanner 42 equation:
I(G zi ) represents the experimental signal intensity at a gradient-level of G zi (G cm ), and gradient pulse duration, diffusion delay, and maximum gradient strength were adjusted at each concentration to obtain an 80% reduction of the signal at the highest gradient strength. At each concentration the 90 1 H pulse width was calibrated at a transmitter power of 58 dB.
The viscosity corrected diffusion constant (D c ) was calculated using the following equation: pure is the diffusion constant measured for the residual CHCl 3 in pure CDCl 3 .
Synthesis
Synthesis of 6-(tert-Butoxycarbonylamino)hexyl 2-bromopropanoate (4) Boc protected 6-aminohexanol (4.4 g, 20 mmol) was dissolved in 40 mL of dichloromethane, and 1.87 mL (24 mmol, 1.92 g) pyridine was added, and the solution was cooled to 0 C. After this, 2-bromopropionyl bromide (4.75 g, 22 mmol) was added dropwise via a syringe. The solution was stirred for 12 h, and it was allowed to warm to room temperature (careful: do not to let the temperature become higher). The solution was transferred to a separatory funnel and washed with 1 M HCl (3Â 500 mL), saturated NaHCO 3 (3Â 500 mL) and brine (1Â 100 mL), after which the organic layer was dried with MgSO 4 Synthesis of 6-(3-(6-Methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido)hexyl-bromopropanoate (6) To a solution of 2-(1-imidazolylcarbonylamino)-6-methyl-4-[1H]-pyrimidinone (0.39 g, 1.90 mmol) and TFA salt 5 (0.58 g, 1.6 mmol) in 10 mL CHCl 3 was added 1 mL of triethylamine (0.72 g, 7.2 mmol). Subsequently, the solution was stirred for 12 h at a temperature of 45 C after which the solution was cooled and 20 mL of CHCl 3 was added. The organic phase was washed with aqueous 1 M HCl (4Â 100 mL), saturated NaHCO 3 (2Â 70 mL) and brine (1Â 100 mL) and dried with MgSO 4 Synthesis of UPy End-Functional Poly(n-butyl acrylate), P(nBA) n -C 6 -UPy (2) n-Butyl acrylate (nBA, 3.00 g, 23.4 mmol), UPy initiator 6 (34.7 mg, 0.23 mmol), PMDETA (81 mg, 0.47 mmol) were combined in a Schlenk flask and subjected to three freezepump-thaw cycles. CuBr (12 mg, 0.24 mmol) was added under flowing nitrogen, and the flask was evacuated and backfilled with nitrogen twice. The flask was then sealed and placed in a 70 C oil bath for 3 h before exposing to air and diluting with THF. The reaction mixture was passed over neutral alumina to remove the copper, concentrated, and precipitated into cold hexanes to give P(nBA) n -C 6 -UPy 2. After drying, the resulting oil was dissolved in 50 mL of CHCl 3 and washed with an aqueous solution of 0.01 M EDTA (3Â 100 mL), saturated NaHCO 3 (2Â 50 mL), and brine (1Â 100 mL). Evaporation of the organic layer in vacuo resulted in a sticky oil which was dried over P 2 O 5 in vacuo at a temperature of 50 C. M n ¼ 8.9 kDa, PDI ¼ 1.1 (SEC, THF). 
CONCLUSIONS
Two UPy end-functionalized PnBA polymers, P(nBA) n -C 2 -UPy 1 and P(nBA) n -C 2 -UPy 2, were prepared using ATRP from UPy-functional initiators. Given the similar molecular weights of the polymers, these end-functionalized polymers primarily differ in the length of the aliphatic spacer separating the PnBA from the UPy group. Concentration-dependent 1 H NMR and DOSY experiments clearly show that the dimerization constant of the UPy end-functionalized PnBA polymer, where a short C 2 spacer separates the UPy group from the PnBA is lowered as a result of competitive intramolecular noncovalent interactions. In addition, the heteroassociation strength of this polymer with a NaPy end-functionalized PnBA is drastically lowered. In contrast, when a longer C 6 aliphatic spacer separates the UPy end group from the PnBA polymer, the dimerization and heteroassociation strengths are largely unaffected. These results clearly show the necessity for the incorporation of a large aliphatic spacer in the design of supramolecular diblock copolymers when polar polymers such as PnBA are used. Although not the focus of this study, we expect that the decrease in association constant as a result of competitive intramolecular interactions will have a profound effect on the thermomechanical properties of UPybased materials.
